Eukaryotic translation initiation factor (eIF)3 is the largest eIF (B650 kDa), consisting of 10-13 different polypeptide subunits in mammalian cells. To understand the role of each subunit, we successfully reconstituted a human eIF3 complex consisting of 11 subunits that promoted the recruitment of the 40S ribosomal subunit to mRNA. Strikingly, the eIF3g and eIF3i subunits, which are evolutionarily conserved between human and the yeast Saccharomyces cerevisiae are dispensable for active mammalian eIF3 complex formation. Extensive deletion analyses suggest that three evolutionarily conserved subunits (eIF3a, eIF3b, and eIF3c) and three non-conserved subunits (eIF3e, eIF3f, and eIF3h) comprise the functional core of mammalian eIF3.
Introduction
Eukaryotic protein synthesis requires the participation of translation initiation factors that mediate mRNA binding to the 40S ribosomal subunit. Ribosome binding is facilitated by the cap structure (m7GpppN, where N is any nucleotide) at the 5 0 end of all cellular mRNAs (except organellar mRNAs). The mRNA cap structure initially binds to eukaryotic initiation factor (eIF) 4F, which consists of the cap binding protein eIF4E, an RNA helicase eIF4A, and a modular scaffold protein eIF4G. eIF4F, in conjunction with eIF4B, disrupts mRNA secondary structure in its 5 0 -untranslated region and promotes ribosome binding. The 40S ribosomal subunit, in a complex with eIF3, eIF1, eIF1A, and eIF2-GTP-Met-tRNAi Met , binds at or near the cap structure and scans the 5 0 -untranslated region in search of the initiator AUG codon (Gingras et al, 1999; Hinnebusch, 2000; Raught et al, 2000) . eIF3 is the largest translation initiation factor (B650 kDa) (Behlke et al, 1986) , and consists of 10-13 different polypeptide subunits in mammalian cells (Hershey and Merrick, 2000; Unbehaun et al, 2004) .
eIF3 is a moderately abundant translation initiation factor, with 0.5-1 molecules/ribosome in HeLa cells and rabbit reticulocyte lysate (Meyer et al, 1982; Mengod and Trachsel, 1985) . eIF3 plays many functions in initiation complex formation. It interacts with eIF1, eIF5, eIF4B and eIF4G, and the direct interaction between eIF3 and eIF4G may serve as a bridge between the 40S ribosomal subunit and eIF4F-bound mRNA (Hershey and Merrick, 2000) . eIF3 stabilizes the binding of the eIF2-GTP- Met-tRNAi Met ternary complex to the 40S subunit (Chaudhuri et al, 1999) , and, reciprocally, binding of the ternary complex to the 40S subunit enhances eIF3 binding to the ribosome (Kolupaeva et al, 2005) . Even in the absence of the ternary complex, the presence of RNA can promote the binding of eIF3 to the 40S subunit (Kolupaeva et al, 2005) . Hepatitis C virus (HCV) is proposed to take advantage of this property of eIF3 to correctly position the viral internal ribosome entry site (IRES) on the 40S ribosome (Siridechadilok et al, 2005) . Association of eIF3 with the ribosome is stabilized by a loosely bound eIF3 subunit, eIF3j (Fraser et al, 2004) . eIF3j is not associated with the eIF3 complex in quiescent T lymphocytes, but upon mitogenic stimulation joins the other eIF3 subunits, promoting eIF3 binding to 40S ribosomes. This may contribute to increased translation rates during T-lymphocyte activation (Miyamoto et al, 2005) . Protein kinases such as mTOR and S6K1 also regulate translation initiation by associating with eIF3 in response to nutrients, energy sufficiency, hormones, and mitogenic agents (Holz et al, 2005; Harris et al, 2006) . The 20S proteasome specifically cleaves eIF3a, the largest subunit of eIF3, and differentially affects translation of different mRNAs (Baugh and Pilipenko, 2004) . Taken together, these findings clearly establish that eIF3 is a pivotal player in translational control (Hinnebusch, 2006) .
The function of each subunit of eIF3 has been investigated in Saccharomyces cerevisiae. In budding yeast, eIF3 comprises only five subunits, TIF32 (eIF3a), PRT1 (eIF3b), NIP1 (eIF3c), TIF35 (eIF3g), and TIF34 (eIF3i) Phan et al, 1998) , all of which are conserved in mammalian eIF3. Deletion or mutation of eIF3a (Valasek et al, 1998; Vornlocher et al, 1999) , eIF3b (Danaie et al, 1995; Phan et al, 1998) , eIF3c , eIF3g , or eIF3i (Naranda et al, 1997; Verlhac et al, 1997) in yeast leads to a vast reduction in protein synthesis, suggesting that each of these five subunits is required for eIF3 integrity. However, a biochemical study using yeast extract suggested that a subcomplex comprising the large three subunits eIF3a, eIF3b, and eIF3c supported translation initiation, and that the small two subunits, eIF3g and eIF3i were dispensable for translation at least in vitro .
Analysis of mammalian eIF3 has been difficult due to the complexity of eIF3 and to a lack of genetic tools. Because the non-conserved subunits of mammalian eIF3 are not only binding partners but are integral components of the eIF3 complex (Hershey et al, 1996; Unbehaun et al, 2004) , the structure of the mammalian eIF3 is likely to be considerably different from the yeast eIF3.
As a major step toward elucidating the structure of this multisubunit translation initiation factor and the molecular mechanisms of the mammalian eIF3-mediated translational controls, we reconstituted the human eIF3 by coexpressing 11 human subunit proteins. Remarkably, deletion studies showed that a recombinant eIF3 complex lacking two evolutionarily conserved subunits and three non-conserved subunits is able to support translation initiation and thus constitutes the core of mammalian eIF3.
Results

Reconstitution of human eIF3
Mammalian eIF3 has been reported to consist of 10-13 subunits (Hershey et al, 1996; Asano et al, 1997a; Unbehaun et al, 2004) , so we wished to first determine the composition of native eIF3 (n-eIF3) purified from mouse Krebs-2 cells. Purified n-eIF3 was resolved by SDS-PAGE ( Figure 1A ), and each band was identified by MALDI-TOF/ MS analysis. Eleven proteins were identified as comprising n-eIF3 ( Figure 1A ): p170 (eIF3a), p116 (eIF3b), p110 (eIF3c), p69 (eIF3l), p66 (eIF3d), p48 (eIF3e), p47 (eIF3f), p44 (eIF3g), p40 (eIF3h), p36 (eIF3i), and p28 (eIF3k); notably, eIF3j (p35) was absent. Western blot analysis with subunitspecific antisera confirmed the identity of all of the eIF3 complex subunits identified by mass spectrometry ( Figure 1B ). Anti-eIF3j antiserum failed to detect eIF3j in n-eIF3, whereas the same antiserum clearly recognized eIF3j in extracts from HeLa cells ( Figure 1B ), and from a mouse cell line, N2a (data not shown). Thus, we concluded that our preparation of n-eIF3 lacked eIF3j, which presumably dissociated during purification (Unbehaun et al, 2004) . As n-eIF3 was able to promote 40S ribosome binding to mRNA (Figure 3 ), eIF3j is not essential for translation initiation in agreement with other reports (Unbehaun et al, 2004; Kolupaeva et al, 2005) . Rather, eIF3j may serve as a regulator of eIF3 function, since stable binding of eIF3 to the 40S ribosome requires eIF3j (Fraser et al, 2004) . We did not identify GA-17 (eIF3m), a protein recently discovered in a n-eIF3 sample (Unbehaun et al, 2004 ) that was also identified as a membrane-bound receptor for herpes simplex virus (Perez et al, 2005) . Hence, eIF3a, eIF3b, eIF3c, eIF3d, eIF3e, eIF3f, eIF3g, eIF3h, eIF3i, eIF3k , and eIF3l should constitute a functional mammalian eIF3 complex.
S. cerevisiae eIF3 comprises only five subunits, eIF3a, eIF3b, eIF3c, eIF3g, and eIF3i Phan et al, 1998) . The key question is which subunits of mammalian eIF3 are essential for eIF3 complex formation? In other words, which combination of subunits constitutes the core of the mammalian eIF3? To address this question, we reconstituted the mammalian eIF3 complex by coexpressing human eIF3 subunits. We used a baculovirus-based coexpression system (Fukuda et al, 2001) (Figure 2A ). Baculovirus-1 system expressed eIF3a-His, eIF3c-FLAG, and eIF3k. His and FLAG-tags were added to eIF3a and eIF3c, respectively, to facilitate purification. Baculovirus-2 expressed eIF3b, eIF3g, eIF3i, and eIF3l, while eIF3d, eIF3e, eIF3f, and eIF3h were expressed from Baculovirus-3 (Figure 2A and B). Insect cells were simultaneously infected with these three recombinant baculoviruses, and the cell extracts were subjected to successive chromatography steps: Ni-NTA agarose resin, gel filtration using Sephacryl S-300, and anti-FLAG resin ( Figure 2C ). The eluate from the nickel resin, which contained eIF3a-His and its associated proteins, was fractionated by the gel filtration, and each fraction was analyzed by SDS-PAGE and Western blotting for the presence of each subunit ( Figure 2D ). All of the subunits were present in a high molecular mass (4440 kDa) region ( Figure 2D , fractions 2-6). As the n-eIF3 fractionated similarly on the same gelfiltration column ( Figure 2D , bottom panel), these fractions were likely to contain the recombinant eIF3 complex and were therefore subjected to anti-FLAG chromatography. SDS-PAGE analysis showed that the recombinant eIF3 complex purified using anti-FLAG resin had a protein composition very similar to that of n-eIF3 ( Figure 3A) . The presence of all 11 subunits in the recombinant complex was verified by eIF3a eIF3b eIF3c eIF3d eIF3l eIF3e eIF3f eIF3g eIF3h eIF3j eIF3i eIF3k
eIF3k (p28) eIF3i ( Western blotting (data not shown). A protein band that was found only in the recombinant eIF3 indicated by the asterisk was identified by MALDI-TOF/MS analysis as a C-terminal portion of eIF3c. This recombinant eIF3 complex consisting of the 11 subunits was subsequently referred to as r-eIF3(11). The yield of r-eIF3(11) was approximately 80 mg from a 3-l insect cell culture.
To determine whether r-eIF3(11) could promote translation initiation, a ribosome binding-toeprinting assay (Morino et al, 2000) was performed with purified translation initiation factors and b-globin mRNA ( Figure 3B ). In the presence of all the required factors including n-eIF3, a 48S ribosomal complex was formed on the initiation AUG as evidenced by the toeprint band (indicated by 'C'), in contrast, in the absence of eIF3, almost no 48S ribosomal complex formed, confirming that 48S ribosomal complex formation is dependent on eIF3. When r-eIF3(11) was used as a source of eIF3, the ribosomal complex was formed at 60-70% the efficiency of the formation with n-eIF3 ( Figure 3B ). This provided evidence that r-eIF3(11) was functionally active. 
Dispensable non-conserved subunits
We then examined whether any of the subunits that are not evolutionarily conserved between human and S. cerevisiae (i.e. eIF3d, eIF3l, eIF3e, eIF3f, eIF3h, and eIF3k) were dispensable for the formation of an active mammalian eIF3 complex. For this purpose, we expressed 10 eIF3 subunits (the five conserved subunits plus five non-conserved subunits), and attempted to purify an eIF3 complex lacking one of the non-conserved subunits using the same protocol as for r-eIF3(11) isolation. r-eIF3 complexes lacking eIF3d or eIF3l, herein referred to as r-eIF3(del-d) or r-eIF3(del-l), were purified ( Figure 4A ). The absence of the eIF3l and eIF3d subunits in r-eIF3(del-l) and r-eIF3(del-d), respectively, was verified by Western blotting ( Figure 4B ). The protein band that was reproducibly present only in r-eIF3(del-d) (indicated by the asterisk in Figure 4A ) could not be identified by MALDI-TOF/MS analysis. Both r-eIF3(del-d) and r-eIF3(del-l) promoted the ribosome binding to mRNA and scanning to the AUG codon at B70% the efficiency with r-eIF3(11) ( Figure 4C ), indicating that the eIF3d and eIF3l subunits are not essential for the formation of an active mammalian eIF3 complex. It is noteworthy that the r-eIF3(del-l) preparation lacked protein bands corresponding to eIF3g and eIF3i, two evolutionarily conserved subunits ( Figure 4A ), yet retained the capacity to promote the ribosomal binding to mRNA and scanning to the AUG codon ( Figure 4C ). This observation suggested that both eIF3g and eIF3i are also dispensable for r-eIF3 function, a finding that was later addressed directly in experiments described below. In a similar manner, we purified r-eIF3(del-k). Although the absence of eIF3k in r-eIF3(del-k) was confirmed by Western blotting ( Figure 4E ), CBB-staining of the same protein preparation detected a band at the eIF3k position on SDS-PAGE ( Figure 4D ). The MALDI-TOF/MS analysis indicated that this contaminant was also present in r-eIF3(11), but it could not be identified. The toeprint analysis showed that the absence of eIF3k had no effect on the eIF3 activity ( Figure 4F ), indicating that eIF3k is a dispensable subunit.
We were unable to purify r-eIF3(del-e), r-eIF3(del-f), and r-eIF3(del-h), although the expression levels of each subunit in the baculovirus-infected cells were similar to the expression levels when r-eIF3 (11) was purified (data not shown). Taken together, these results suggest that three non-conserved subunits (eIF3d, eIF3l, and eIF3k) are dispensable for the formation of active eIF3 complexes.
Dispensable conserved subunits
Subunits eIF3a, eIF3b, eIF3c, eIF3g, and eIF3i are conserved between human and budding yeast, and these five subunits constitute the yeast eIF3 Phan et al, 1998) . To examine whether any of these conserved subunits is dispensable for the formation of the mammalian eIF3 complex, we first tried to reconstitute an eIF3 complex lacking one of the three large subunits, eIF3a, eIF3b, or eIF3c. To reconstitute an eIF3 complex lacking eIF3c, eIF3b-FLAG, eIF3a-His, and the other eight subunits were coexpressed, and a protein complex was purified using the same procedure as for r-eIF3(11) ( Figure 5A ). The absence of the eIF3c subunit was verified by Western blotting ( Figure 5B ). As the r-eIF3(del-c) complex exhibited very little activity in the toeprint assay (10% without eIF3c as compared to 40% with it; Figure 5C ), eIF3c appears to be important for eIF3 activity. The reduced activity of r-eIF3(del-c) is not due to a relatively smaller amount of eIF3a in the preparation of r-eIF3(del-c) ( Figure 5A ), but due to the lack of eIF3c, because excess amounts of r-eIF3(del-c) (up to 3.0 mg, as compared with 1.0 mg for the wild type) were used in the functional analysis ( Figure 5C ). No eIF3 protein complex lacking eIF3a or eIF3b was obtained (data not shown). We next examined whether the other conserved subunits eIF3g and eIF3i were required for the formation of the active mammalian eIF3 complex. By expressing all the subunits (10 subunits) except eIF3i, r-eIF3(del-i) was successfully purified ( Figure 5D ). Importantly, eIF3g was also missing in this complex (CBB staining, Figure 5D ; Western blot, Figure 5E ). In a similar fashion, by expressing all the subunits except eIF3g, r-eIF3(del-g) was purified, and the eIF3i subunit was missing in the complex ( Figure 5D and E). Earlier studies reported that eIF3g and eIF3i in budding yeast bind to each other (Verlhac et al, 1997; Asano et al, 1998) . In agreement with these reports, our data support the idea that the evolutionarily conserved subunits eIF3g and eIF3i also interact in the mammalian eIF3 complex. Both r-eIF3(del-g) and r-eIF3(del-i), which lacked both eIF3g and eIF3i, promoted the ribosomal recruitment to mRNA and scanning to the AUG codon at 80-90% the efficiency with r-eIF3(11) (Figure 5F ), indicating that the eIF3g and eIF3i subunits are not essential for the formation of active mammalian eIF3 complex.
To verify these results, we silenced the expression of eIF3g and eIF3i in HeLa cells using RNAi. Transfection with siRNA against eIF3g mRNA decreased eIF3g expression by 80% ( Figure 6A, middle panel) . Interestingly, eIF3i expression was also reduced by 60% ( Figure 6A, lower panel) . This result corroborates an earlier observation that eIF3g depletion in budding yeast was accompanied by a strong reduction in eIF3i , and suggests that eIF3g is required for stabilization of eIF3i in eukaryotic cells. Transfection with siRNA against eIF3i mRNA did not effectively decrease the protein level of eIF3i. To examine whether the concomitant reduction in protein levels of eIF3g and eIF3i influenced the rate of protein synthesis, HeLa cells transfected with siRNA against eIF3g or control siRNA were metabolically labeled with 35 S-methionine, and the radioactivity incorporated into proteins was quantified. The rate of protein synthesis did not change significantly by eIF3g knockdown ( Figure 6B ). When each of three different siRNAs against eIF3c was used for transfection, about 50% of HeLa cells as compared with the cells transfected with the control siRNA were detached from the culture dish in 2 days, whereas transfection of siRNA against eIF3g did not affect cell growth. The protein level of eIF3c in the cells that were transfected with the eIF3c-siRNA and were still attaching to the dish was unchanged as compared with that in the control siRNA-transfected cells (we normalized the assay for the amount of proteins), and the rate of protein synthesis in these cells was also unchanged. We suspect that HeLa cells depleted of eIF3c were detached from the dish as dying cells, while the cells that were still attaching to the dish were those with a normal level of eIF3c and therefore with a normal translation rate.
To examine whether eIF3 from HeLa cells transfected with the eIF3g-siRNA or control siRNA was indeed depleted of eIF3g and eIF3i, ribosomal salt-washed samples from transfected cells were resolved by sucrose density-gradient centrifugation and analyzed for the presence of eIF3g, eIF3i, eIF3c, and eIF3f ( Figure 6C ). Whereas eIF3c and eIF3f were detected in the middle fractions (fractions 15-18) of both gradients at similar levels, neither eIF3g nor eIF3i were detected in these eIF3-containing fractions from the eIF3g-siRNA-treated cells ( Figure 6C ). These results support the idea that eIF3g and eIF3i subunits are not essential for the formation of the mammalian eIF3 complex.
The core of eIF3
Our ultimate goal was to reconstitute the functional core of human eIF3 in order to identify the minimum components
0.3 0.5 0.5 1.0 (μg) (11), r-eIF3(del-d), and r-eIF3(del-l) was performed as in Figure 3B . (D) r-eIF3(11) and r-eIF3(del-k) (0.5 mg each) were resolved by SDS-PAGE and stained by CBB. The asterisk indicates the position of eIF3k. (E) Western blot analysis of r-eIF3(11) and r-eIF3(del-k) with anti-eIF3k antiserum. (F) Toeprint analysis of r-eIF3(11) and r-eIF3(del-k) was performed as in Figure 3B .
required for activity. The data presented above indicated that five subunits: eIF3d, eIF3l, eIF3k, eIF3g, and eIF3i are not required for the formation of active eIF3. We hypothesized that the other six subunits: eIF3a, eIF3b, eIF3c, eIF3e, eIF3f, and eIF3h constituted the core of mammalian eIF3. We therefore expressed these six subunits and purified a complex ( Figure 7A ). Although we could not obtain this complex in sufficient quantity to detect the eIF3e, eIF3f, and eIF3h subunits clearly by CBB staining, we confirmed the presence of all six subunits by Western blotting ( Figure 7A ). A complex comprising eIF3a, eIF3b, eIF3e, eIF3f, and eIF3h, but lacking eIF3c was also prepared as negative control ( Figure 7A ). The six-subunit complex promoted ribosome binding to mRNA, whereas the five-subunit complex did not ( Figure 7B ). These results suggest that the functional core of mammalian eIF3 comprises eIF3a, eIF3b, eIF3c, eIF3e, eIF3f, and eIF3h.
Discussion
We have successfully reconstituted a functional human eIF3 by coexpressing 11 subunits. This recombinant eIF3 was functional in a 40S ribosome-binding assay using b-globin mRNA. By reconstituting recombinant eIF3 complexes that lacked different individual subunits, we identified the subunits that are dispensable for assembly of an active eIF3 complex. It was striking that two evolutionarily conserved subunits, eIF3g and eIF3i, were not essential for eIF3 activity. Our findings are in agreement with the structural model of eIF3 proposed for budding yeast in which eIF3g and eIF3i bind to a C-terminal part of eIF3b, but do not play a critical role in the basal activity of eIF3 (Valasek et al, , 2002 . These two subunits seem to work in concert. When the eIF3g subunit is deleted, the eIF3i subunit is also absent from the recombinant eIF3 complex, and vice versa ( Figure 5D and E). Knockdown of the eIF3g subunit in HeLa cells is accompanied by a reduction in the level of the eIF3i subunit ( Figure 6) ; similarly, a reduction in eIF3g expression leads to depletion of eIF3i in yeast . The physical association of eIF3g and eIF3i has also been observed in budding yeast (Verlhac et al, 1997; Asano et al, 1998) .
What, then, is the function of the eIF3g and eIF3i subunits? We demonstrated that binding of the 40S ribosome-initiation factor complex at the AUG codon of mRNA does not require the presence of eIF3g and eIF3i ( Figure 5F ). Furthermore, the rate of overall protein synthesis does not change by knockdown of the eIF3g subunit in HeLa cells ( Figure 6B ). Thus, Figure 3B . (D) r-eIF3(11), r-eIF3(del-i), and r-eIF3(del-g) (1 mg each) were resolved by SDS-PAGE and stained by CBB. (E) Western blotting analysis of r-eIF3(11), r-eIF3(del-g), and r-eIF3(del-i) with anti-eIF3g, anti-eIF3i, or anti-eIF3a antiserum. (F) Toeprint analysis of r-eIF3(11), r-eIF3(del-i), and r-eIF3(del-g) was performed as in Figure 3B .
these two subunits might be involved in translational control of specific mRNAs or in particular cellular conditions. We also found that three evolutionarily non-conserved subunits, eIF3d, eIF3l, and eIF3k, are dispensable for the assembly of active human eIF3. We repeatedly attempted to reconstitute r-eIF3 lacking any one of the other non-conserved subunits (eIF3e, eIF3f, and eIF3h), but obtained only small amounts of complexes that were insufficient for assaying the activity (data not shown). These results imply that eIF3e, eIF3f, and eIF3h are important for efficient formation of a functional eIF3 complex. We also demonstrated the importance of eIF3c for eIF3 activity by showing that r-eIF3(del-c) was not very active in the toeprint analysis ( Figure 5C ), and that transfection of HeLa cells with an siRNA against eIF3c resulted in severely decreased cell viability (data not shown). eIF3c may coordinate the functions of eIF1 and eIF5 by binding these two initiation factors and the 40S ribosome (Valasek et al, 2003 . The use of r-eIF3(del-c) in various assay systems such as a completely reconstituted translation system (Alkalaeva et al, 2006 ) with or without eIF1 or eIF5 may provide insight into the role of eIF3c in translation.
In pioneering work using a budding yeast system, Hinnebusch's group demonstrated that a subcomplex consisting of eIF3a, eIF3b, and eIF3c could carry out most eIF3 functions. In this system, the eIF3a subunit was thought to bridge the eIF3b and eIF3c subunits . Physical interaction of eIF3a and eIF3b has been clearly shown both for budding yeast Valasek et al, 2001 ) and mammals (Methot et al, 1997 (%) Figure 7 The core of human eIF3. (A) Complexes comprising five subunits (eIF3a, eIF3b, eIF3e, eIF3f, and eIF3h) or six subunits (eIF3a, eIF3b, eIF3c, eIF3e, eIF3f, and eIF3h) were resolved by SDS-PAGE and analyzed by Western blotting with relevant antisera.
(B) Toeprint analysis of the five-or six-subunit complex was performed as in Figure 3B .
binding of eIF3c to eIF3a was also evident in budding yeast Phan et al, 2001) , such an interaction has not been previously shown for mammals. Fraser et al (2004) expressed five mammalian homologues of budding yeast eIF3 (eIF3a, eIF3b, eIF3c, eIF3g, and eIF3i subunits where the eIF3b subunit was FLAG-tagged) in insect cells, and purified a protein complex by anti-FLAG chromatography. The purified complex consisted of eIF3a, eIF3b, eIF3g, and eIF3i, but not eIF3c, suggesting that evolutionarily non-conserved subunits might be required to stably incorporate eIF3c into the foursubunit complex. In the present study, we coexpressed six non-conserved and five conserved eIF3 subunits, and successfully purified an active eIF3 complex. The purified complex contained eIF3c, as eIF3c was FLAG-tagged and the last step of the purification strategy was anti-FLAG-chromatography. The eIF3c molecule was contained in the purified eIF3 complex such that the association of eIF3c with the eIF3 complex was resistant to high ionic conditions during the Ni-NTA and gel-filtration chromatography purification steps.
If the important functions of eIF3 are carried out by the largest three subunits, as suggested by the yeast study , the role of eIF3e, eIF3f, and eIF3h might be to tightly bind eIF3c to an eIF3a-eIF3b-associated complex rather than to directly participate in translation initiation. In support of this, when only the evolutionarily conserved subunits (eIF3a, eIF3b, eIF3c-FLAG, eIF3g, and eIF3i) were expressed, far less amounts of eIF3a and eIF3b were copurified with eIF3c-FLAG even under physiological ionic conditions than when all the subunits were expressed (Supplementary Figure S1) . Of note, the eIF3e subunit was shown to bind to the eIF3c subunit in mammals (Morris-Desbois et al, 1999) and in Arabidopsis (Yahalom et al, 2001 ). eIF3e and eIF3c each possess a PCI (proteosome-COP9-initiation factor) domain, and eIF3f and eIF3h have a MPN (Mpr1-Pad1-N-terminal) domain. The PCI and MPN domains mediate protein-protein interactions and are also found in some subunits of the 26S proteasome and in the COP9 signalosome (Chang and Schwechheimer, 2004) . Are eIF3e, eIF3f, and eIF3h subunits essential in vivo? In fission yeast, deletion of the eIF3e subunit is not lethal and leads to only a moderate decrease in protein synthesis (Bandyopadhyay et al, 2000; Akiyoshi et al, 2001) . However, the presence of the eIF3e was required for formation of a stable eIF3 complex (Bandyopadhyay et al, 2002) . In contrast, in fission yeast, eIF3f is essential for growth (Zhou et al, 2005) . In Arabidopsis, disruption of eIF3h is not lethal, and has no effect on global protein synthesis (Kim et al, 2004) . However, gel filtration of protein extracts from the eIF3h subunit-disrupted plants showed that eIF3 as detected by the presence of eIF3b, eluted in lower molecular weight fractions than did eIF3 from control plants (Kim et al, 2004) . Thus, as noted above, the eIF3h subunit could affect the integrity of the eIF3 complex. Presumably, the eIF3e, eIF3f, and eIF3h subunits serve to stabilize the eIF3 complex. These subunits may also be involved in translational regulation. Mammalian eIF3e and eIF3f are proposed to bind to eIF4G (LeFebvre et al, 2006) and mTOR (Harris et al, 2006) , respectively. In human cells, the eIF3e subunit mediates translational repression by p56, an interferon-inducible protein (Guo et al, 2000) . Plant eIF3h is implicated in translation of specific mRNAs (Kim et al, 2004) .
What are the functions of the eIF3d, eIF3l, and eIF3k subunits? These subunits were dispensable for the formation of active mammalian eIF3 in the present study. However, deletion of eIF3d, which did not result in lethality, rendered the eIF3 complex physically unstable in fission yeast (Bandyopadhyay et al, 2002) . eIF3d binds to eIF3e in fission yeast (Yen and Chang, 2000; Bandyopadhyay et al, 2002) , while interactions of mammalian eIF3l with eIF3e (MorrisDesbois et al, 2001) and of mammalian eIF3k with the eIF3c, eIF3g, and eIF3j subunits (Mayeur et al, 2003) have been reported. These intersubunit connections probably increase the physical stability of eIF3.
A pertinent question about the coexpression system used in this study is whether endogenous eIF3 subunits derived from insect cells were incorporated into the recombinant mammalian eIF3 complex. It is unlikely that significant incorporation took place due to the much greater abundance of the recombinant subunits: the recombinant subunits in cell extracts expressed by the baculovirus system are detectable by CBB staining on SDS-PAGE, while those of insect eIF3 are apparently undetectable (data not shown).
Finally, in the present study, we assayed r-eIF3 in toeprint analysis using b-globin mRNA. However, b-globin mRNA is translated in a cap-dependent manner. It will be important to examine whether different combinations of eIF3 subunits would suffice for translation initiation on IRES-containing mRNA such as EMCV (Pestova et al, 1996) or HCV (Pestova et al, 1998) . The toeprint analysis in the present study monitors only the formation of the 48S ribosomal complex, but not of the 80S complex, leaving the possibility that different subunits of eIF3 are required at different stages of translation initiation. In addition, eIF3 probably participates not only in initiation but also in termination followed by reinitiation of translation as well Kolupaeva et al, 2005) . Thus, it is important to test recombinant eIF3 deletion mutants in a completely reconstituted translation system (Alkalaeva et al, 2006) to examine whether different subunits take part in different phases of translation.
Materials and methods
cDNAs and plasmids
The cDNA for eIF3b was described previously (Methot et al, 1997) . cDNAs for eIF3c (Asano et al, 1997a) , eIF3d (Asano et al, 1997c) , eIF3e (Asano et al, 1997b) , eIF3f (Asano et al, 1997c) , eIF3g (Block et al, 1998) , eIF3h (Asano et al, 1997c) , eIF3i (Asano et al, 1997a) , and eIF3j (Block et al, 1998) were kind gifts from Dr JWB Hershey (University of California, Davis). cDNAs for eIF3a, eIF3l, and eIF3k were obtained by reverse transcription followed by the polymerase chain reaction using RNA from HeLa cells and DNA primers designed based on reported sequences (GenBank accession numbers: U78311 for eIF3a, AF077207 for eIF3l, AF085358 for eIF3k).
His-tag and FLAG-tag sequences were added to the C termini of the eIF3a and eIF3c coding regions, respectively, to facilitate protein purification. The multicloning sites of pAcDB3 and pAcAB4 (BD Biosciences) were modified to harbor additional restriction enzyme sites (XhoI, EcoRV, KpnI, SalI, HpaI, NotI, NheI, and NdeI) and (EcoRV, NotI, PstI, NheI, and SacI) to generate pAcDB3(m) and pAcAB4(m), respectively. eIF3a-His, eIF3c-FLAG, and eIF3k cDNAs were cloned in combination in pAcDB3(m) to produce pAcDB3-eIF3a-His/eIF3c-FLAG/eIF3k. eIF3b, eIF3l, eIF3g, and eIF3i cDNAs were cloned together pAcAB4(m) to generate pAcAB4-eIF3b/eIF3l/ eIF3g/eIF3i. eIF3d, eIF3e, eIF3f, and eIF3h cDNAs were incorporated into pAcAB4(m) to produce pAcAB4-eIF3d/eIF3e/eIF3f/ eIF3h. The construction of plasmids for deletion mutants of r-eIF3 is described in Supplementary data.
Baculoviruses
For r-eIF3(11), baculovirus-1, which expresses eIF3a-His, eIF3c-FLAG and eIF3k, baculovirus-2, which expresses eIF3b, eIF3l, eIF3g and eIF3i, and baculovirus-3, which expresses eIF3d, eIF3e, eIF3f, and eIF3h were generated in Sf9 cells by co-transfection of baculovirus DNA BaculoGold (BD Biosciences) with pAcDB3-eIF3a-His/eIF3c-FLAG/eIF3k, pAcAB4-eIF3b/eIF3l/eIF3g/eIF3i, and pAcAB4-eIF3d/eIF3e/eIF3f/eIF3h, respectively. To generate baculoviruses for expressing deletion mutants of r-eIF3, relevant plasmids were used for transfection. Recombinant baculoviruses were purified from isolated plaques using a standard procedure and amplified by infection of Sf9 cells (1.5-2.5 Â10 6 cells/ml, 300-600 ml) followed by culturing until more than 90% of cells were disrupted. After removing cell debris by centrifugation (800 g for 15 min), the supernatant was kept at 41C in the dark.
Expression and purification of recombinant eIF3
High-Five cells (Invitrogen; 3 l) were grown by Cell-master controller (Wakenyaku, Japan; O 2 concentration, 7.9 p.p.m.; temperature, 271C) and infected at 0.8-1.1 Â10 6 cells/ml with a baculovirus stock expressing eIF3a (600 ml) and two other baculovirus stocks (200 ml each) simultaneously. After 48-52 h, cells were harvested and suspended in 300 ml buffer (0.5 M KCl, 20 mM HEPES-KOH, pH 7.5, 10% glycerol, 5 mM 2-mercaptoethanol, 0.5% Triton X-100, and a protease inhibitor cocktail: complete EDTA-free (Roche)) and incubated on ice for 20 min. After centrifugation at 9000 r.p.m. for 30 min, the supernatant was supplemented with imidazole (20 mM) and mixed with Ni-NTA agarose resin (Qiagen; 16 ml). Following incubation at 41C for 1 h with constant rotation, the mixture was centrifuged at 3000 r.p.m. for 3 min, and the resin was washed twice with buffer (150 ml; 0.5 M KCl, 20 mM HEPES-KOH, pH 7.5, 10% glycerol, 5 mM of 2-mercaptoethanol, 0.01% Triton X-100, 20 mM imidazole). Proteins bound to the resin were eluted out with imidazole buffer (56 ml; 250 mM imidazole, 0.67 M KCl, 20 mM HEPES-KOH, pH 7.5, 10% glycerol, 5 mM of 2-mercaptoethanol, complete EDTA-free). The eluate was concentrated to 5 ml using AMICON Ultra MWCO 10000 (Millipore), and then applied to Sephacryl S-300 (16/60) (Amersham). Proteins were eluted (0.3 ml/ min, 1 ml/fraction) with buffer (0.5 M KCl, 20 mM HEPES-KOH, pH 7.5, 10% glycerol, 5 mM of 2-mercaptoethanol, 1 mM EDTA), and an aliquot of each fraction was analyzed for the presence of expressed eIF3 subunits by Western blotting. Fractions containing relevant subunits were diluted with 3 Â volume buffer (20 mM HEPES-KOH pH 7.5, 10% glycerol, 5 mM of 2-mercaptoethanol, and Roche complete protease inhibitor cocktail), and applied to anti-FLAG agarose column (Sigma; 0.2 ml). After washing with buffer (10 ml; 0.1 M KCl, 20 mM HEPES-KOH, pH 7.5, 10% glycerol, 5 mM of 2-mercaptoethanol, and Roche complete protease inhibitor cocktail), proteins were eluted with buffer (600 ml; 0.1 M KCl, 20 mM HEPES-KOH pH 7.5, 25% glycerol, 5 mM of 2-mercaptoethanol, 0.1 mM EDTA) containing FLAG peptide (Sigma; 100 mg/ml).
n-eIF3 was purified from Krebs-2 ascites cells as described (Trachsel et al, 1979; Mikami et al, 2006b) .
Toeprint analysis
All the eIFs were purified as described (Mikami et al, 2006a, b) . Toeprint analysis was performed essentially as described (Morino et al, 2000) with the following modifications. eIF2 (1 mg) was preincubated with GTP (3 mM) and Met-tRNAi Met (0.7 pmol) at 261C for 20 min to enhance the ternary complex (eIF2-GTP-MettRNAi Met ) formation. The ternary complex was mixed with His-eIF1 (0.5 mg), His-eIF1A (0.5 mg), eIF4E (0.3 mg), FLAG-eIF4G-His (0.9 mg), eIF4A (2 mg), FLAG-eIF4B (0.5 mg), 40S ribosome (1.4 pmol), and n-eIF3 (0.3-1 mg) or recombinant eIF3 (0.3-2.5 mg). b-globin mRNA (50 ng; Gibco BRL) was heated at 701C with a 32 P-labeled primer (5 0 -GCATTTGCAGAGGACAGG; 2 pmol) for 2 min and then gradually cooled to 601C and chilled on ice. The mixture of eIFs, 40S ribosome, and the mRNA-primer complex was incubated at 301C for 5 min in buffer (50 ml; 100 mM KCl, 3 mM magnesium acetate, 13 mM HEPES-KOH, pH 7.5, 0.25 mM spermidine, 1 mM DTT, 0.6 mM GTP, 1.8 mM ATP). A reverse transcriptase mixture (50 ml; 40 mM KCl, 8 mM magnesium acetate, 80 mM TrisHCl, pH 7.5, 10 mM DTT, 1 mM dGTP, 1 mM dATP, 1 mM dCTP, 1 mM dTTP) containing SuperScript II (100 units; Invitrogen) was then added and incubated at 371C for 10 min. After the reverse transcription reaction, RNase A (10 mg) was added and incubated at 371C for 5 min, followed by treatment with phenol/chloroform and precipitation with ethanol. The same primer was used for sequencing of a plasmid harboring b-globin cDNA. The products of primer extension and sequencing were resolved on PAGE (8%) containing 6 M urea and visualized using a BAS-2000 phosphorimager (Fuji). In the figures, the full-length cDNA and toeprint products are marked 'E' for 'end-product' and 'C' for 'complex', respectively. The intensity of 'E' and 'C' was quantified by BAS-2000. The efficiency of the ribosomal complex formation on the initiator AUG was calculated as C/(E þ C). We repeated each toeprint analysis at least twice and obtained reproducible results.
Mass spectrometric analysis, antibodies and siRNA experiments are described in Supplementary data.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
